cells do not exhibit impaired motility or chemotaxis, indicating that RapGAPB might only regulate specific roles of Rap1. Importantly, we also found that RapGAPB regulates Rap1 activity during multicellular development and is required for normal morphogenesis. First, streams of aggregating rapGAPB -cells break up as a result of decreased cell-cell adhesion. Second, rapGAPB -cells exhibit cell-autonomous defects in prestalk cell patterning. Using cell-type-specific markers, we demonstrate that RapGAPB is required for the correct sorting behaviour of different cell types. Finally, we show that inactivation of RapGAPB affects prestalk and prespore cell adhesion. We therefore propose that a possible mechanism for RapGAPBregulated cell sorting is through differential adhesion.
Introduction
Cell interactions and changes in cellular behaviour, such as cell adhesion and motility, are required for growth, development and tissue homeostasis of multicellular organisms. The social amoeba Dictyostelium discoideum provides a model system to study the regulation of these processes. Dictyostelium normally live as singlecelled amoeba feeding on bacteria in the soil. In response to starvation, the cells enter a developmental cycle, which leads to the aggregation of several thousand amoebae to make a multicellular mound. Aggregation is driven by chemotaxis towards waves of cAMP (Kessin, 2001) . Within the mound, cells differentiate into either prestalk or prespore cells. Both cell types are initially found in a 'salt and pepper' distribution, but then subsequently sort out into discreet tissues during a period of morphogenesis that results in the formation of a migratory slug (Maeda et al., 2003; Maruo et al., 2004; Thompson et al., 2004; Williams et al., 1989; Yamada et al., 2005) . Finally, after a period of migration, further complex morphogenetic movements result in the formation of a fruiting body consisting of terminally differentiated stalk and spore cells, as well as ancillary supporting structures (Kessin, 2001) .
A key question in this developing system is how distinct tissues along the anterior-posterior axis arise from initially scattered populations of cells. This process of cell sorting is thought to be driven by a combination of differential chemotaxis and cell adhesion. For example, separated prestalk and prespore cells exhibit different rates of chemotaxis towards cAMP (Early et al., 1995; Matsukuma and Durston, 1979) as well as differential adhesion following disaggregation (Lam et al., 1981) . Despite this, a relatively small number of genes have been implicated in the regulation of cell sorting and tissue establishment. The identification of further genes will therefore be crucial for our understanding of the regulation of morphogenesis in Dictyostelium, as well as other organisms.
One candidate molecule for the regulation of cell type patterning is the Ras subfamily small GTPase Rap1, because it has been implicated in the regulation of cell adhesion and cell motility in mammalian cells (Bos, 2005; Fujita et al., 2006; Lorenowicz et al., 2006; McLeod et al., 2004; Shimonaka et al., 2003; Zhang et al., 2005) and vegetative Dictyostelium amoebae (Bosgraaf et al., 2005; Jeon et al., 2007b) . Rap1 was first identified as a protein that could antagonise Ras signaling (Kitayama et al., 1989) , but it is now widely recognised that its effects are mediated by signaling pathways that are distinct from those of the Ras pathway (Bos, 1998) . Rap1 activity is dependent on whether it is in a GDP-bound (inactive) or GTP-bound (active) state. Rap1 activity can therefore be tightly controlled by factors that influence whether it is GTP-bound or Regulated cell adhesion and motility have important roles during growth, development and tissue homeostasis. Consequently, great efforts have been made to identify genes that control these processes. One candidate is Rap1, as it has been implicated in the regulation of adhesion and motility in cell culture. To further study the role of Rap1 during multicellular development, we generated a mutant in a potential Rap1 GTPase activating protein (RapGAPB) in Dictyostelium. rapGAPB -cells have increased levels of active Rap1 compared with wild-type cells, indicating that RapGAPB regulates Rap1 activity. Furthermore, rapGAPB -cells exhibit hallmark phenotypes of other known mutants with hyperactivated Rap1, including increased substrate adhesion and abnormal F-actin distribution. However, unlike these other mutants, rapGAPB GDP-bound. Guanine nucleotide exchange factors (GEFs) activate Rap1 activity by promoting exchange of GDP for GTP, whereas GTPase-activating proteins (GAPs) promote GTP hydrolysis.
The Dictyostelium genome encodes only one Rap gene, rapA (Robbins et al., 1990; Weeks et al., 2005) , whereas there are a large number of predicted RapGAPs and several presumptive RapGEFs, thus raising the possibility that some of these might regulate specific aspects of Rap1 function. To date, one specific RapGEF (GbpD) and one specific RapGAP (RapGAP1) have been characterised (Bosgraaf et al., 2005; Jeon et al., 2007a; Kortholt et al., 2006) . In addition, a Rap1 kinase effector (Phg2), that exhibits specific binding to GTPbound Rap1, has been identified (Gebbie et al., 2004; Kortholt et al., 2006) . Simple studies of Rap1 function in Dictyostelium have however proved difficult, because attempts to disrupt the rapA gene have so far failed and it is likely that rapA-null cells are non-viable. Despite this, it has been possible to study the role of Rap1 through the expression of dominant-negative (Rap1 S17N ) and constitutively active (Rap1 G12V ) forms of Rap1. In addition, cells in which GbpD or RapGAP1 has been overexpressed or disrupted, and cells in which phg2 has been disrupted, have proved extremely informative. From these studies, it has emerged that Rap1 is required for the regulation of diverse vegetative cell processes, including stress response and phagocytosis, and this might explain why the disruption of the Rap1 gene would be lethal (Kang et al., 2002; Rebstein et al., 1997; Seastone et al., 1999) . Importantly, these and other studies (Jeon et al., 2007a; Jeon et al., 2007b; Kortholt et al., 2006) reveal that the regulation of Rap1 in Dictyostelium, as in mammalian cells, is required for cytoskeletal organisation and adhesion.
The role of Dictyostelium Rap1 is not confined to growing vegetative cells. Recent studies demonstrate that chemotaxis of starved cells towards cAMP involves Rap1. For example, Rap1 hyperactivation due to the expression of constitutively activated Rap1 (Rap1
G12V
) or the overexpression of GbpD in wild-type cells severely impairs the ability of cells to perform chemotaxis (Jeon et al., 2007a; Jeon et al., 2007b; Kortholt et al., 2006) . cAMP stimulation also induces rapid and transient activation of Rap1 (Jeon et al., 2007b) . Active Rap1 is localised to the leading edge of migrating cells where it is thought to promote the recruitment of Phg2, which in turn promotes moyosin II phosphorylation and disassembly at the leading edge (Jeon et al., 2007b) . The role played by Rap1 during multicellular development is, however, poorly understood.
In this study, we have addressed this problem using a strain in which a gene encoding a potential RapGAP (rapGAPB) was disrupted (rapGAPB -). We show biochemically and phenotypically that RapGAPB is required to regulate the levels of Rap1. rapGAPB is expressed during multicellular development and is enriched in prestalk cells, thus suggesting a role in cell-type regulation. Consistent with this idea, we find that expression of rapGAPB and the regulation of Rap1 activity are required for normal morphogenesis and the correct patterning of specific subtypes of prestalk cells. To determine how Rap1 exerts its effects, we compared the adhesive properties of the different cell types in wild-type and mutant structures. Relative cell adhesion of both prestalk and prespore cells was affected. We therefore propose that Rap1-regulated differential cell adhesion is required for normal cell-type patterning in Dictyostelium.
Results

Identification of the gene encoding RapGAPB and generation of a rapGAPB -mutant
During the course of a genetic selection for patterning mutants (unpublished results), we isolated a mutant with a disruption within a gene predicted to encode a RapGAP (DDB0205291) (Fig. 1A) .
To ensure that the mutation affected protein function, we generated a new allele in which a 3 kb drug-resistance cassette was inserted within the RapGAP domain (Fig. 1B) . This mutant very likely represents a null allele. First, no transcripts could be detected in the mutant by quantitative PCR with primers upstream of the insertion. Furthermore, we have generated a deletion allele in which the entire coding sequence was replaced by a blasticidin cassette and this resulted in an indistinguishable mutant phenotype (supplementary material Fig. S1 ).
rapGAPB -cells show many phenotypic similarities to cells with hyperactivated Rap1, but chemotaxis is unaffected Since RapGAPB also exhibits sequence similarity with other GAPs, especially RanGAPs, it was important to first establish that it regulates Rap1 activity. Two clear predictions can be made for the effects of a RapGAP mutation. (1) It would be expected to exhibit elevated levels of Rap1. (2) It should show some phenotypic similarity to strains with artificially elevated Rap1 levels, such as the RapGEF overexpression strain gbpD OE . We therefore first measured the levels of activated Rap1 in response to cAMP stimulation. For this, we utilised an assay in which the Rap1-GTP binding domain of Byr2 can be used to pull down activated Rap1 from Dictyostelium cell extracts (Bolourani et al., 2008; Kang et al., 2002) . Rap1 levels were compared in wild-type and rapGAPB Rap1 controls differential cell adhesion rise dramatically within 10 seconds, before falling back to the unstimulated levels within 1 minute (Jeon et al., 2007b) (Fig. 2A) . We found that although the basal levels of activated Rap1 were indistinguishable in unstimulated wild-type and rapGAPB -cells, clear differences could be seen in response to cAMP stimulation ( Fig. 2A ). First, the maximal level of Rap1 activation was greater in rapGAPB -cells than in wild-type cells. Second, the time course of deactivation was dramatically altered. Activated Rap1 levels barely decreased in rapGAPB -cells even after 1 minute ( Fig. 2A ). To ensure this was not due to a general defect in cAMP response kinetics, we measured the activation response of a related protein, RasG, under the same conditions. Activation and deactivation kinetics of RasG in response to cAMP were comparable in wildtype and mutant cells (data not shown). These findings are consistent with the idea that RapGAPB is specifically required to inactivate Rap1.
When Rap1 levels are altered in Dictyostelium, several hallmark phenotypes have been described (Jeon et al., 2007a; Jeon et al., 2007b; Kortholt et al., 2006) . We therefore tested whether rapGAPB -cells also showed similar defects. First, we found that vegetative rapGAPB -cells attached more strongly to the substratum than wild-type control cells (Fig. 2B) . The extent of the increase was similar to that seen with gbpD OE cells. This phenotype was efficiently rescued when a GFP-tagged version of RapGAPB (RapGAPB OE ) was expressed in rapGAPB -mutant cells (Fig. 2B ). In fact, these cells actually attached slightly less than wild-type cells (Fig. 2B) , most likely because this line expresses ~twofold higher levels of rapGAPB transcripts than the wild type (data not shown). We also tested whether rapGAPB -cells showed defects in morphology and actin distribution consistent with increased levels of Rap1 activation. When rapGAPB -or gbpD OE cells were stained with fluorescent phalloidin, both showed a characteristic spiky appearance with actin decorating the periphery of cells within filopodia, a noticeably different morphology to that of the wild type (Fig. 2C) . Again, this phenotype was efficiently rescued by RapGAPB OE expression in rapGAPB -mutant cells (Fig. 2C) . Taken together, these data strongly suggest that RapGAPB is required for the normal regulation of Rap1 activation.
Several recent studies provide evidence that the localised regulation of Rap1 activation is important for chemotaxis of Dictyostelium cells towards cAMP (Jeon et al., 2007a; Jeon et al., 2007b; Kortholt et al., 2006) . Surprisingly, however, we could find no defect in cell movement in rapGAPB -cells. Mutant cells behaved like wild-type cells when both random movement and movement toward a chemoattractant were measured (Table 1) .
Fig. 2. RapGAPB is required to regulate Rap1 activity. (A) Western blot
showing levels of activated Rap1 (top panel) and total Rap1 (bottom panel). In wild-type cells, maximal increase in levels of active Rap1 was observed after 10 seconds of cAMP stimulation, followed by a steady decrease over 60 seconds of stimulation. In rapGAPB -cells, the maximal increase after 10 seconds of stimulation is slightly higher than that of wild-type cells. In addition, the level of active Rap1 does not decrease over 60 seconds, instead the maximal level is maintained. The level of total Rap1 is equal in all cell lysates. The graph shows fold change in amount of GTP-Rap1 relative to AX4 cells at 0 seconds. (B RapGAPB expression is required for developmentally regulated Rap1 activity and for normal morphogenesis Although Rap1 levels have been shown to remain constant at all developmental stages, we tested whether levels of activated Rap1 exhibit developmental regulation. We found that in wild-type cells, levels of activated Rap1 are lowest in vegetative cells, but gradually increase during the first 12 hours of development. Levels are highest around the tipped mound stage then decrease slightly (Fig. 3A) . Several dramatic differences were observed in the rapGAPB -mutant. First, levels of activated Rap1 were higher in vegetative cells and at all developmental stages. Second, levels did not decrease during the later stages of development, but instead remained at peak levels ( Fig. 3A ). These findings demonstrate that Rap1 activity is regulated during multicellular development, and that RapGAPB is required for its regulation.
To determine whether regulation of Rap1 activity is required for normal multicellular development, we compared the development of wild-type and rapGAPB -cells. Mutant streams tended to break up, resulting in the formation of large numbers of small mounds. This defect was phenocopied when gbpD OE cells were allowed to develop (Fig. 3B ). It has previously been shown theoretically and experimentally that the break up of streams can be triggered by increased cell movement and/or decreased cell adhesion (Gomer et al., 2002; Roisin-Bouffay et al., 2000) . As we had been unable to detect any defect in cell motility in rapGAPB -mutant cells, we tested whether altered cell-cell adhesion might result in the break up of streams. Consistent with this idea, both rapGAPB -and gbpD OE cells exhibited much reduced cell-cell adhesion than wild-type cells in an assay in which streaming cells are dissociated and the extent of reaggregation measured (Fig. 3C) .
Journal of Cell Science 122 (3) In wild-type cells, levels of active Rap1 peaked after 10 seconds of cAMP stimulation, followed by a steady decrease. In rapGAPB -cells, the level in unstimulated cells was similar to the maximal level in wild-type cells at all time points. Graph shows relative levels of GTP-Rap1 compared with that in AX4 cells at 0 seconds. (E) To determine the expression pattern of rapGAPB, the rapGAPB promoter was placed upstream of lacZ and transformed into wild-type cells. When stained for a short time, expression is enriched in the collar region of slugs (i) and in the upper and lower cups of culminants (iii). After longer periods of staining, stained cells were predominantly found in the collar region, but also found scattered throughout the entire slug (ii) and in the apical tip, upper and lower cups and spores of culminants (iv). Scale bar: 1 mm.
Once aggregation has taken place, and resulted in the formation of small mounds, further development of rapGAPB -and gbpD OE mutant cells was also extremely aberrant (Fig. 3B ). Most notably, both mutants formed large numbers of oddly shaped tipped mound structures. From this stage, rapGAPB -cells appeared to be unable to make migratory slugs, although small twisted fruiting bodies eventually formed. Unlike rapGAPB -cells, gbpD OE cells did eventually overcome the block at the mound stage and proceeded to the slug and fruiting body stages (Fig. 3B) . This is probably because the actin15 promoter used to drive GbpD expression is expressed at lower levels as development proceeds (Knecht et al., 1986) . Despite this, the similarities in phenotype between developing rapGAPB -and gbpD OE cells indicates that these defects are also probably due to misregulation of Rap1 activity.
As the major defect in morphogenesis of the rapGAPB -mutant occurs around the mound-slug transition, we tested whether activation of Rap1 in response to cAMP is also affected at this stage. In wild-type mounds, levels of activated Rap1 were found to peak within 10 seconds before decreasing rapidly. By contrast, cAMP stimulation had little affect on mound stage mutant cells. In fact, the basal level of activated Rap1 in rapGAPB -cells was already similar to the maximum level of stimulated wild-type cells, and did not decrease over the time course tested (Fig. 3D) .
To better understand the role of RapGAPB in multicellular development, we also elucidated the rapGAPB expression pattern. Interestingly, rapGAPB mRNA is not uniformly expressed in all cell types. When a region 1 kb upstream of the rapGAPB gene was used to drive the expression of a lacZ reporter gene, β-galactosidase activity was most strongly expressed in the prestalk O (pstO) region of slugs after short periods of staining (Fig. 3E) . After longer periods of staining, stained cells were also found scattered throughout the entire anterior and posterior regions of the slug, but still showed highest expression in the prestalk O region (Fig. 3E) . Consistent with RapGAPB expression being the most highly expressed in prestalk cells, stained cells were found in the upper and lower cups of culminants after short periods of staining. However, after longer periods of staining, stained cells were also found in the apical tip, upper and lower cups of culminants, as well as the stalk and spores (Fig. 3E) . Therefore, although rapGAPB is most strongly expressed in pstO cells, its expression is not exclusive to this cell type. This gene expression pattern presumably reflects that of the endogenous gene, because expression of rapGAPB driven by this promoter fragment completely rescues the developmental phenotype of the mutant (supplementary material Fig. S1 ).
rapGAPB
-cells exhibit defects in prestalk cell patterning
To elucidate whether the mutant phenotypes are due to defects in cell-type differentiation and/or pattern formation, rapGAPB -mutant cells were transformed with cell-type-specific reporter genes. ecmAO-lacZ (pstA and pstO) and ecmB-lacZ (pstAB and pstB) were used to label the various prestalk cell types, together with psA-lacZ as a general marker of prespore cell differentiation. ecmAO-lacZ, ecmB-lacZ and psA-lacZ expression was normal in rapGAPB -mutant cells (supplementary material Fig. S2 ). It was perhaps most surprising to find that ecmAO-lacZ expression was normal when one considers that rapGAPB is most strongly expressed in these cells. We did, however, find that this initial impression was somewhat misleading when gene expression was examined using more-specific cell-type markers. For this, we used constructs derived from different regions of the ecmAO promoter that drive expression specifically in pstA (ecmA-lacZ) and pstO (ecmO-lacZ) cell populations (Early et al., 1995; Early et al., 1993) . When ecmAlacZ and ecmO-lacZ expression was examined in developing wildtype and mutant structures, clear differences were seen. First, in mutant slugs and culminants, expression of ecmA-lacZ was not confined to the extreme tip but also appeared to occupy the collar and upper cup normally only occupied by pstO cells (Fig. 4) . Second, ecmO-lacZ expression was strikingly aberrant as it was found in regions normally only occupied by pstA cells, namely the tip of slugs, as well as the apical tip and stalk of culminants (Fig.  4) . These findings suggested that pstO and pstA cells are intermingled. To test this idea directly, we generated cotransformants in which RFP was driven by the ecmAO promoter and GFP by the ecmO promoter. In these strains, pstO cells appear yellow (due to expression of both RFP and GFP) and pstA cells appear red. In mutant slugs, pstO cells were not confined to the collar but also appeared to occupy the extreme tip normally only occupied by pstA cells (Fig. 5) . Furthermore, pstO cells were found in the apical tip as well as the upper cup of mutant culminants. We therefore believe that in developing rapGAPB -mutant structures, the normally spatially distinct pstA and pstO cell populations are intermingled. The sum of this expression leads to an apparently normal pattern of ecmAO-lacZ expression.
Importantly, our studies demonstrate that all cell types are present in developing rapGAPB -mutant cells, even though the pattern of expression of pstO and pstA markers is aberrant. One simple interpretation of these data is that RapGAPB is not required for cell-type determination, but instead for the control of the behaviour of the different cell types following differentiation, specifically the pstA and pstO cells. To further test this idea, we generated a chimera between labeled and unlabeled wild-type and rapGAPB -cells. In a control homotypic chimera, labeled cells were evenly distributed throughout slugs and culminants. However, when a minority of labeled rapGAPB -mutant cells were mixed with wild-type cells, labeled cells were seldom found in the anterior prestalk region of slugs or upper and lower cups of the culminant (Fig. 6A) . By contrast, when mixed with a majority of unlabelled rapGAPB -mutant cells, wild-type cells were found predominantly within the anterior prestalk region of slugs and strongly labeled stalk and ancillary structures of culminants (Fig. 6A) . Furthermore, when Rap1 levels were specifically increased in prestalk cells by placing GbpD or Rap1 G12V under the control of a prestalk-specific promoter, these cells were also under-represented within anterior regions of the slug and in the prestalk-derived structures of the culminant (Fig. 6B) .
Although Rap1 activation affects prestalk cell behaviour in chimeras, two questions arise. First, is this defect due to a failure to differentiate into prestalk cells in chimeras or due to misplacement of mutant cells? Second, does this reflect a general defect in prestalk cell differentiation or is it specific to certain prestalk subtypes? To address these questions, we examined the behaviour of wild-type Journal of Cell Science 122 (3) -cells expressing both ecmO-GFP and ecmAO-RFP were developed to the slug and early culminant stages. In developing AX4 cells, ecmO-GFP expression (green) was found mainly in the collar region of slugs and was mostly absent from the tip (arrowed). ecmAO-RFP expression (red) was found throughout the prestalk region of slugs. As a result, the merged image shows orange-yellow cells only in the collar (arrowed in the magnified image) and only red cells in tips of slugs. By contrast, in developing rapGAPB -cells, ecmO-GFP-expressing cells were found in both the collar and tip regions of the slug (arrowed) and ecmAO-RFP expression was found throughout the entire prestalk region. The resulting merged image shows orange-yellow cells in both the collar and tip of the slug (arrowed on the magnified image). A similar defect was observed at the early culminant stage. In AX4 culminants, ecmO-GFP expression was highest in the upper cup and largely absent from the apical tip (arrowed), whereas ecmAO-RFP expression was found in both the collar and apical tip. The merged image shows orangeyellow cells in only the upper cup (arrowed on the magnified image) and only red cells in the apical tip. However, in rapGAPB -culminants, ecmO-GFP and ecmAO-RFP expression were both found in the upper cup and apical tip (arrowed). The merged image shows orange-yellow cells in both the upper cup and apical tip (arrowed in the magnified image). Scale bars: 1 mm and 0.3 mm (zoom panels).
Fig. 6.
RapGAPB is required for prestalk cell patterning in chimeric development. (A) 10% GFP-labeled cells were mixed in chimera with 90% unlabeled cells and allowed to develop. In control homotypic mixes, GFPlabeled cells were evenly distributed throughout the slug and culminant. However, when GFP-labeled rapGAPB -cells were mixed with AX4 cells, the labeled cells were absent from the tip of slugs and from the upper and lower cups and stalk of culminants. The opposite pattern was observed when GFP labeled AX4 cells were mixed with rapGAPB -cells. (B) When GFP-labeled ecmAO-gbpD OE or ecmAO-rapA G12V cells were mixed with AX4 cells, the labeled cells were absent from the prestalk region of slugs and from the upper and lower cups and stalk of culminants. Scale bars: 1 mm. Rap1 controls differential cell adhesion and rapGAPB -mutant cells expressing prestalk and prespore markers in chimeras. Although no defect in psA or ecmB expression could be detected (supplementary material Fig. S3 ), chimeras with ecmAO-lacZ, ecmA-lacZ and ecmO-lacZ revealed clear defects. In control mixes, ecmAO-lacZ-labelled cells were found throughout the entire prestalk zone of slugs as well as the upper cup and apical tip of culminants (Fig. 7) . By contrast, when ecmAO-lacZ transformed rapGAPB -cells were mixed with wild-type cells, labeled mutant cells were only present in the pstO collar of slugs and upper cup in culminants (Fig. 7) . Despite an absence of mutant pstA cells from the tip of slugs and culminants in chimera, staining of ecmA-lacZ revealed that mutant pstA cells do differentiate but are misplaced to the region normally occupied by pstO cells (Fig. 7) . Similarly, although mutant pstO cells differentiated in chimeras, their localisation was also aberrant. ecmO-lacZ-expressing mutant cells were largely found at the rear of chimeric slugs and scattered around the basal disc of culminants (Fig. 7) . In fact, these cells appeared to be lost during the later stages of development. It is important to emphasise that stained cells are never found on the substratum in wild-type controls. Furthermore, there is not a general failure of rapGAPB -mutant cells to participate in chimera with wild-type cells. This defect is therefore highly specific to those cells differentiating as pstO cells. Taken together, these findings provide further strong support for the idea that that the regulation of Rap1 activity is crucial for the normal behaviour of pstA and pstO cells in pattern formation, but not pstA or pstO cell differentiation itself.
rapGAPB
-cells exhibit defects in cell-type-specific cell-cell adhesion Differential cell adhesion has been proposed to have a role in tissue patterning in Dictyostelium. As rapGAPB -cells exhibit defects in cell-cell and substrate adhesion during aggregation and vegetative growth, we therefore tested whether defects in cell adhesion might also provide an explanation for the observed patterning defects. Cells were dissociated at the finger stage of development and the kinetics of reaggregation was used as a measure of cell-cell adhesion. Finger-stage rapGAPB -cells were found to be more adhesive than wild-type cells at the same stage of development (Fig. 8A) . We next sought to determine whether the observed defect was due to a general increase in adhesion of all cell types. For this, wild-type and rapGAPB -mutant cells were transformed with ecmAO-RFP and psA-RFP reporter genes, which allowed the re-aggregation of prestalk and prespore cells to be followed. psA-RFP-expressing prespore cells were found to be more adhesive in the rapGAPB -mutant than the wild type. By contrast, ecmAO-RFP-expressing prestalk cells were less adhesive in the rapGAPB -mutant than in the wild type (Fig. 8B) . Consequently, the relative adhesion of the two cell types is altered in the mutant. In fact, the adhesiveness of mutant prestalk and prespore cells was very similar, whereas wildtype prestalk cells were significantly more adhesive than prespore cells (Fig. 8B) . These findings suggest that RapGAPB is required to regulate differential adhesion of both the prestalk and prespore populations. We propose that this defect might provide an explanation for the patterning defects observed in the developing rapGAPB -mutant.
Discussion
We generated a mutant in a gene encoding a Dictyostelium RapGAP and used this mutant to further elucidate the role of Rap1. Fig. 7 . rapGAPB -mutant cells show defects in ecmAO-lacZ, ecmA-lacZ and ecmO-lacZ expression in chimeras. AX4 or rapGAPB -cells were transformed with cell-specific markers. 10% of cells expressing these markers were mixed in chimeras with 90% unlabeled cells and developed. Expression of the markers was observed at both the slug and early culminant stages of development. Clear defects were observed in the expression of ecmAO-lacZ, ecmA-lacZ and ecmO-lacZ in chimeras. When AX4 cells expressing ecmAO-lacZ were mixed with AX4 cells, ecmAO expression was found in the entire prestalk region of slugs and in the apical tip, upper cup and lower cup of culminants. However, when rapGAPB -cells expressing ecmAO-lacZ were mixed with AX4 cells, ecmAO expression was absent from the tip of slugs and only present in the collar region. In addition, in the culminant expression was absent from the apical tip. When AX4 cells expressing ecmA-lacZ were mixed with AX4 cells, ecmA expression was found in tip of slugs and in the apical tip and stalk of culminants. However, when rapGAPB -cells expressing ecmA-lacZ were mixed with AX4 cells, ecmA expression was absent from the tip of slugs and instead present in the collar region. In addition, expression was absent from the apical tip and found instead in the upper and lower cups of culminants. When AX4 cells expressing ecmO-lacZ were mixed with AX4 cells, ecmO expression was found in the collar region of slugs and in the upper cup and lower cups of culminants. However, when rapGAPB -cells expressing ecmO-lacZ were mixed with AX4 cells, ecmO expression was largely found at the rear of the slug and in the slime trail (open arrow). In addition, expressing cells were found mainly in the basal disk of the culminant and scattered on the agar (filled arrows). Scale bar: 1 mm.
Measurements of the levels of activated Rap1 in the rapGAPB -mutant demonstrate that RapGAPB is required to switch Rap1 from its GTP-bound state to an inactive GDP-bound state. Our findings provide confirmation of some aspects of the role of Rap1 suggested by earlier overexpression studies. Importantly, they also provide novel insights into the role and complexity of regulation of Rap1 activity. Finally, we have been able to use this mutant to establish a role for Rap1 in the regulation of differential cell adhesion, cell type specific patterning and morphogenesis.
RapGAPB and chemotaxis
We found one important difference between the phenotype of rapGAPB -cells and other mutants with hyperactivated Rap1 levels. Although rapA G12V and gbpD OE cells exhibit severely reduced chemotaxis towards cAMP (Jeon et al., 2007b; Kortholt et al., 2006) , chemotactic cell movement is unaffected in rapGAPB -cells. This is supported by the fact that gbpD OE cells are unable to aggregate on a bacterial lawn (Kortholt et al., 2006) , whereas rapGAPB -cells readily form multicellular structures (supplementary material Fig.  S1 ). One possible explanation is that another RapGAP also downregulates Rap1 activity and is required for chemotaxis. Indeed, downregulation of Rap1 by RapGAP1 results in slightly impaired chemotaxis, although the defect is not as severe as seen with cells expressing constitutively active Rap1 or overexpressing GbpD (Jeon et al., 2007a) . Furthermore, the Dictyostelium genome encodes ten more putative RapGAPs. It will therefore be of great interest to study the phenotypes of mutants in these genes. It is also possible that any differences in chemotactic activity could be explained by the fact that the gbpD OE mutant was created in the DH1 parental strain, whereas the rapGAP1 -and rapGAPB -mutants were created in AX3 and AX4 parental strains, respectively. Alternatively, the phenotypic difference could be due to differences in the levels of activated Rap1 between the strains. For example, in unstimulated aggregation-competent cells, although the basal levels of Rap1 were identical in rapGAPB -and wild-type cells, they are already at maximally stimulated levels in rap G12V cells (Jeon et al., 2007b) . Consistent with this idea, rapGAP1 -cells only show mild chemotaxis defects and exhibit wild-type levels of activated Rap1 in aggregation-competent cells (Jeon et al., 2007a) . This difference in Rap1 activity between rapGAPB -, rapA G12V , gbpD OE and rapGAP1 -cells could therefore underlie the difference in the ability of cells to chemotax towards cAMP. It is therefore possible that in aggregation-competent rapA G12V and gbpD OE cells, there is actually little if any response to cAMP when measured in terms of changes in levels of Rap1 activation. If this change were required for cells to efficiently sense and move towards a directional stimulus, then it could explain the inability of rapA G12V and gbpD OE cells to undergo chemotaxis, whereas rapGAPB -cells are unaffected. It is important to note, however, that the Rap1 activation response of rapGAPB -cells to cAMP is affected, despite the fact that we could not detect any phenotypic effect. It will be of great interest to determine whether rapGAPB -cells exhibit more subtle chemotactic defects under other conditions.
Rap1 regulation is required for normal pstO and pstA cell behaviour
Most studies have focused on the role of Rap1 signalling in vegetative cells and in the regulation of chemotaxis. However, it has previously been demonstrated that activated Rap1 can also affect development, albeit when expressed in a strain already compromised by expression of constitutively activated RasD G12T (Louis et al., 1997) . Our study provides an important advance in understanding the role of Rap1 in cell-type differentiation and patterning. We have shown that Rap1 activity is developmentally regulated and that inactivation of RapGAPB leads to the misregulation of Rap1 during development. Consequently, the development of the rapGAPB -mutant is severely impaired. In the most severe case, rapGAPB -cells are barely able to complete development, and only after a prolonged arrest at the tip mound stage. Furthermore, we have shown that inactivation of RapGAPB, as well as overexpression of Rap1 G12V or GbpD OE leads to common developmental defects, providing further evidence to support the idea that these defects are due to hyperactivation of Rap1.
As rapGAPB transcripts are enriched in prestalk cells, this suggested a requirement for Rap1 inactivation within prestalk cells. This idea is supported by the finding that both pstA and pstO cells are mislocalised in the rapGAPB -mutant when developed clonally. Furthermore, all strains tested with excess active Rap1 exhibited defects in prestalk cell sorting when mixed in chimeras with wildtype cells. Using cell-type-specific markers, we have shown that this is due to defects in both pstA and pstO cell behaviour. Most Journal of Cell Science 122 (3) It has previously been proposed that cell motility and adhesion are required for the correct patterning of the different cell types during multicellular development in Dictyostelium (Chisholm and Firtel, 2004) . We have been unable to detect any defect in chemotaxis of isolated rapGAPB -cells. However, it is impossible to rule out a role for RapGAPB in cell motility, because movement during multicellular development takes place in three dimensions and is therefore likely to represent a more testing environment in which cell motility and cell adhesion are tightly interlinked. Despite this, we believe that changes in cell adhesion may underlie the sorting defects observed, because rapGAPB -cells exhibit defects in cell-substrate adhesion and in the differential adhesive properties of prestalk and prespore cells. In addition, it has previously been shown that clonal inactivation of Rap1 during Drosophila wing disc development results in the dispersal of mutant cells into wild-type tissue (Knox and Brown, 2002) . It is thought that this is due to the misplacement of adherens junctions within these cells. This idea is supported by the finding that altered levels of E-cadherin, a major adherens junction component, affects the sorting of dissociated embryonic zebrafish cells and mouse fibroblasts (Krieg et al., 2008; Steinberg and Takeichi, 1994) . It does, however, seem that Rap1 probably plays a more widespread role in the regulation of cell adhesion (Bos, 2005; Kooistra et al., 2007) . For example, Rap1 has also been shown to affect integrin-mediated adhesion of mammalian leukocytes (Reedquist et al., 2000) .
To date, several different adhesion systems have been characterised through gene knockout and overexpression studies in Dictyostelium (Coates et al., 2002; Cornillon et al., 2006; Ginger et al., 1998; Harloff et al., 1989; Wang et al., 2000; Wong et al., 2002) . Although these include cadherin and adherens junction systems, none of these appear to explain the defects we describe. For example, although adherens junctions have been shown to be required for normal culmination, they are not thought to be present at earlier stages (Grimson et al., 2000) . Furthermore, gene knockouts of other adhesion systems, including the Dictyostelium cadherin homologue, cadA, show few similarities to the developmental defects resulting from Rap1 hyperactivation (Coates et al., 2002; Cornillon et al., 2006; Ginger et al., 1998; Harloff et al., 1989; Wang et al., 2000; Wong et al., 2002) . Consequently, it will be of great interest to elucidate the molecular nature of the Rap1-regulated cell adhesion system in Dictyostelium because it might reveal novel modes of Rap1 regulation in other organisms. Furthermore, our studies show that the differentiation and behaviour of the prestalk cell population in Dictyostelium provides a model system to study the role of Rap1 in the developmental regulation of cell adhesion and pattern formation.
Materials and Methods
Strains, culture and maintenance Dictyostelium strains were grown and maintained in association with Klebsiella aerogenes or in HL5 axenic medium (Sussman, 1987 
Plasmid construction
For the disruption of the rapGAPB gene, a 3.5 kb genomic fragment from the rapGAPB locus was amplified from wild-type AX4 genomic DNA. A tetracyclineblasticidin (Tet r -Bs r ) resistance cassette was inserted by in vitro transposition (Abe et al., 2003) . Diagnostic PCR confirmed insertion of the cassette to be within the second exon, approximately 800 bp downstream from the start codon. For deletion of the rapGAPB gene, flanking genomic fragments were cloned into a floxed blasiticin cassette. Linearised constructs were transformed into AX4 cells by electroporation followed by blasticidin selection and confirmation of gene disruption or deletion by PCR. For overexpression construct generation, coding sequences were cloned as a translational fusion into pTX-GFP and transformed into AX4 cells. Clonal lines with equally strong GFP fluorescence were selected for further analysis. For cell-typespecific expression of constitutively active Rap1and GbpD; rapA G12V was amplified from the Rap1-G12V plasmid, and a 4.4 kb gbpD genomic fragment were amplified by PCR from AX4 gDNA. Each fragment was cloned as a translational fusion into the ecmAO-GFP plasmid based upon pDdGFP. Cell-type-specific RFP and GFP constructs were generated by replacing lacZ with RFP or GFP.
Measurement of activated Rap1
The Ras-binding domain (RBD) of Byr2 was expressed in Escherichia coli as a GST fusion protein and purified as described previously (Kae et al., 2004) . The purified GST-Byr2-RBD was used for the detection of activated Rap1. Cells were stimulated with 15 μM cAMP. Cells were lysed by mixing with an equal volume of 2ϫ lysis buffer (20 mM sodium phosphate, pH 7.2, 2% Triton X-100, 20% Glycerol, 300 mM NaCl, 20 mM MgCl 2 , 2 mM EDTA, 2 mM Na 3 VO 4 , 10 mM NaF, containing two tablets of protease inhibitor (Roche Complete per 50 ml buffer). 400 μg protein was incubated with 100 μg GST-Byr2-RBD on glutathione-Sepharose beads (Amersham Biosciences) at 4°C for 1 hour. 50 μl of 1ϫ SDS gel loading buffer was added to pelleted beads and the samples subjected to SDS-PAGE and western blot analysis with anti-Rap1 antibody.
F-actin staining
Cells in exponential growth phase were deposited onto glass coverslips in KK2. Cells were fixed in KK2 containing 0.1% Triton X-100 and 1% glutaraldehyde for 10 minutes. Cells were then stained with FITC-conjugated phalloidin for 30 minutes in the dark before mounting.
Adhesion assays
Cell substrate adhesion was measured using an adaptation of a published method (Fey et al., 2002) . Briefly, 5ϫ10 5 cells were grown on 3 cm tissue culture plates for 12 hours until confluent. The medium was replaced and plates were incubated for a further hour. Plates were then shaken at 120 r.p.m. for 20 minutes, after which the medium was removed and collected. The remaining adhering cells were detached from plates by repeated pipetting and collected. The number of cells in each of the two samples was determined in triplicate using a haemoctyometer. To quantify cellcell adhesion, cells were developed on KK2 agar plates. Cells were harvested from plates and dissociated in a 21G needle in 1.0 ml KK2. 5ϫ10 5 cells/ml were placed in a 1.5 ml tube and shaken at 120 r.p.m. for various times. The number of single cells in the sample was counted in triplicate using a haemocytometer. For quantification of prestalk and prespore cell-cell adhesion, cells expressing ecmAO-RFP or psA-RFP were used. The percentage of single RFP expressing cells was calculated out of the total number of RFP expressing cells in the sample.
Chemotaxis and random movement assay
To make cells aggregation competent, they were starved at 2ϫ10 7 cell/ml. Cells were pulsed with cAMP for 5.5 hours. For analysis of chemotaxis, cells were challenged with a micropipette containing 1-2 μM cAMP. Track data were extracted using the 'Manual Tracking' plug-in of ImageJ (Wayne Rasband, NIH) and motility parameters calculated. Speed was calculated from the positions of successive movements of the centroid of the cell, as was the persistence (the cosine of the angle of the path between centroids).
